PLEASE MAIL ALL CORRESPONDENCE TO: 



Adrian J. Lee 

WORKMAN, NYDEGGER & SEELEY 

lllllllllllllllllllllllllllllllllll 
022913 

PATENT TRADEMARK OFFICE 



Express Mailing Label No. EV 291368668 US 



PATENT APPLICATION 
Docket No. 14993.29 



UNITED STATES PATENT APPLICATION 



of 

Melvin W. Stene 
for 



DELAY LOCKED LOOP WITH FIXED ANGLE DE-SKEW, 
QUICK START AND LOW JITTER 



DELAY LOCKED LOOP WITH FIXED ANGLE DE-SKEW, 
QUICK START AND LOW JITTER 



BACKGROUND OF THE INVENTION 



1. The Field of the Invention 



[0001] The present invention relates to digital circuits that generate clock signals, and 
more specifically to digital delay locked loop circuits that generate a clock signal that has a 
fixed angle of delay with respect to a reference clock signal. 

2. Background and Related Art 

[0002] It is often important to the proper operation of many circuits that the various 

parts of the overall circuit are synchronized. This is especially true of high speed circuits, 

which often have critical timing requirements. In order to accomplish synchronization, 

clock signals are propagated throughout the circuit. Without compensation, significant skew 

3 may be introduced into the clock signal due to propagation delay, thereby adversely 
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™ § rt S affecting the performance of the circuit. This skew can be quite significant when all parts of 

O 1 5 w p | the circuit are not on the same component, and may even be significant when all parts of the 

Q 2 2 § 2 S circuit are on the same chip in high speed applications. A significant source of skew is in 
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the system clock tree in which a variety of clock signals of varying frequencies and duty 
cycles are generated based directly or indirectly on a reference clock. 
[0003] In order to compensate for this skew, some conventional circuits intentionally 
introduce delay into the reference clock signal prior to the reference clock signal being 
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provided to a system clock tree. The intentionally introduced delay, when added to the 
delay introduced by the clock tree results in the reference clock signal after being 
propagated through the system clock tree to be approximately in phase with the reference 
clock signal prior to the introduction of the intentional delay. 

[0004] One way of intentionally producing this delay is to pass the reference clock 
signal through a delay line having an adjustable number of delay elements, each introducing 
a relatively fixed amount of delay to the reference clock. The number of delay elements 
through which the reference clock passes is then adjusted until a phase detector detects that 
the phase of the reference clock signal after the system clock tree is appropriately equal to 
the phase of the reference clock signal provided to the phase detector. A delay line and 
phase detector in this configuration are referred to as a delay locked loop since the 
configuration is able to generate a signal having a relatively fixed (or locked) amount of 
delay with respect to a reference clock signal. 

[0005] While this method is useful for providing a derived clock signal that is in phase 
with a reference clock signal (albeit with one or more cycles of delay) while accounting for 
system clock tree skew, the method does not allow for quadrature or other clock signals 
having a fixed angle of delay to be generated while compensating for system clock tree 
skew. The method has no mechanism for calculating a clock cycle in terms of delay 
elements. Accordingly, the method does not facilitate the generation of a quadrature or 
other clock signal having a fixed angle of delay to be generated while at the same time 
compensating for system clock tree skew. 

[0006] There are also conventional circuits that generate a quadrature clock signal or a 
clock signal with some fixed angle of delay based on a reference signal. Such circuits 
accomplish this by using a delay line having an adjustable number of delay elements. The 
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number of delay elements are adjusted until the phase of the reference clock signal at the 
output terminal of the delay line is approximately the same as (but with one or more cycles 
of delay) the phase of the reference clock signal provided to the input terminal of the phase 
detector. Based on the number of delay elements needed to accomplish this, the number of 
delay elements that are needed to generate a fixed angle of delay is then calculated. The 
reference signal is then provided to another delay line and passed through that calculated 
number of delay elements to generate the delayed clock signal that is derived from the 
reference clock signal. While such circuits allow for the generation of a derived clock signal 
having a fixed angle of delay with respect to the reference clock signal, the period of delay 
introduced into the derived clock signal is independent of system clock tree skew introduced 
into the path of the derived clock signal having the fixed angle of delay. 
[0007] Accordingly, what would be advantageous is a delay locked loop circuit that 
generates a clock signal that has a fixed angle of delay with respect to a reference clock 
signal while at the same time accounting for system clock delay. It would further be 
advantageous if the delay locked loop circuit reaches an accurate locked state quickly to 
sh thereby increase the proportion of time that the delay locked loop circuit is locked and 

H 

2 therefore accurately generating a phase delayed signal, and thereby shortening system 

Pi 2§ 1 1 1 a initialization time. What would further be advantageous is a delay locked loop circuit in 

nj d > 3 5 £ which jitter is reduced. Jitter is a common problem in delay locked loop circuit and refers to 
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£ g 2 g 3 1 the frequent and extensive change in phase difference between the derived clock signal and 
g " the reference clock signal. Larger jitter profiles tend to reduce system performance and 
O reduced ability to run at higher frequencies due to the correspondingly reduced timing 

margins between multiple system devices. 



- Page 4 - 



Docket No. 14993.29 



BRIEF SUMMARY OF THE INVENTION 
[0008] The foregoing problems with the prior state of the art are overcome by the 
principles of the present invention which are directed towards a variety of delay locked loop 
circuits. 

[0009] In accordance with a first aspect of the present invention, a delay locked loop 
circuit generates a fixed angle delayed clock signal with respect to a reference clock while 
compensating for system clock delay. The delay locked loop circuit includes a reference 
clock delay line that receives the reference clock signal and passes the reference clock signal 
through an adjustable number of reference clock delay elements. A reference clock phase 
detector circuit detects whether a reference clock signal at an output terminal of the 
reference clock delay line (which is equivalent to the feedback clock input to the phase 
detector) leads or lags the reference clock signal received by the other input to the reference 
phase detector. A reference clock control circuit adjusts the number of reference clock delay 
elements through which the reference clock signal passes in the reference clock delay line in 
response to the detection of the reference clock phase detector. In steady state, the number 

^ of reference clock delay elements is adjusted until the reference clock signal at the input 
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jg terminal of the phase detector is approximately in phase with the reference clock signal at 
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c*j jj % 1 fa Z the output terminal of the reference clock delay line. 

SdScSgfc [0010] A fixed angle clock delay line receives an input clock signal that is at least 

Z 1 B " I § derived from the reference clock signal and that may, in fact, be the same reference clock 
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5 " signal that is passed to the reference clock delay line. The use of this reference clock signal 
O as the input clock signal for the fixed angle delay line is advantageous as this insures that the 

clock paths driving the fixed angle clock delay line is matched to the path driving the 
reference clock delay line. This reduces possible phase error due to a delay difference built 
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into those paths. The fixed angle clock delay line passes the input clock signal through an 
adjustable number of fixed angle clock delay elements. A fixed angle clock phase detector 
compares a phase of a clock signal as generated by the fixed angle clock delay line and a 
phase of the clock signal after passing through a system clock mechanism that introduces the 
system clock delay. A system clock adjustment circuit calculates an adjusted number of 
fixed angle clock delay elements needed to account for the system clock delay. 
[0011] A fixed angle clock control circuit calculates an initial number of fixed angle 
clock delay elements in the fixed angle clock delay line needed to generate a fixed angle 
delayed clock signal with respect to the reference clock signal. This calculation is based on 
the number of reference clock delay elements used at the time the reference clock signal at 
the input terminal of the phase detector is approximately in phase with the reference clock 
signal at the output terminal of the reference clock delay line. For example, if there are one 
hundred delay elements through which the reference clock signal passes at the time 
approximate phase match is detected, and if the delay elements in the fixed angle clock 
delay line each introduce the same amount of delay as the delay elements in the reference 
clock delay line, then the initial number of fixed angle clock delay elements would be 
twenty-five to generate a ninety degree quadrature clock signal, fifty to generate a one 
hundred and eighty degree quadrature clock signal, and seventy-five to generate a two 
hundred and seventy degree quadrature clock signal. 

[0012] The fixed angle clock control circuit then calculates a final number of fixed angle 
clock delay elements needed to generate a fixed angle delayed clock signal that accounts for 
system clock delay by adjusting the initial number of fixed angle clock delay elements by 
the adjustment number of fixed angle clock delay elements. The fixed angle clock control 
circuit then adjusts the number of fixed angle clock delay elements through which the input 
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clock signal passes in the fixed angle clock delay line to be equal to the calculated final 
number of fixed angle clock delay elements. The fixed angle clock delay line would then 
generate a fixed angle delayed clock signal that has a fixed angle of delay with respect to the 
reference clock signal and that accounts for system clock delay. 

[0013] For example, suppose that the adjustment number of fixed angle clock delay 
elements needed to account for system clock delay was ten. A ninety degree fixed angle 
delayed clock signal would require fifteen fixed clock delay elements (the initial number of 
twenty-five minus the adjustment number of ten). A one hundred and eighty degree fixed 
angle delayed clock signal would require forty fixed clock delay elements (the initial 
number of fifty minus the adjustment number of ten). The two hundred and seventy degree 
fixed angle delayed clock signal would require sixty-five clock delay elements (the initial 
number of seventy-five minus the adjustment number of ten). 

[0014] In accordance with a second aspect of the present invention, a lock detection 
circuit detects when the phase of the reference clock input and the feedback clock input to 
the lock detector are within certain tolerances. At this stage, the delay locked loop is in a 
pseudo locked state. A pseudo locked state is quickly acquired by sampling more frequently 
prior to pseudo lock as compared to after pseudo lock. The second aspect of the present 
invention may be implemented in the context of any delay locked loop circuit that samples 
by a phase detector comparing the phase of a clock signal at one of its input terminals and 
the phase of the clock signal at an output terminal of a delay line, and a control circuit 
adjusting the number of delay elements through which the clock signal passes in response to 
the comparison. One such delay locked loop circuit is described with respect to the first 
aspect of the present invention. 



- Page 7 - 



Docket No. 14993.29 



[0015] In accordance with a third aspect of the present invention, jitter in this or any 
digital delay locked loop may be reduced by introducing hysteresis into the sampling 
process by introducing a sampling filter between the phase detector and the control circuit. 
Conventionally, the number of delay elements is adjusted every time the phase of the clock 
signal at the output terminal of the delay line is outside of a phase window with respect to 
the clock signal at the input terminal of the delay line. However, in a digital delay locked 
loop, the clock signal at the output of the delay line may sometimes fall slightly outside of 
the phase window due to simple digital precision error rather than the signals wandering 
more persistently out of the phase window. The sampling filter prevents any adjustment in 
the number of delay elements until some predetermined number of consecutive signals from 
the phase detector indicates that the control signals are either consistently lagging or 
consistently leading. This would largely prevent or at least reduce unnecessary phase 
adjustments due to precision error, and would thereby reduce jitter. 

[0016] In a fourth aspect of the present invention, lock stability is obtained by 
introducing hysteresis into the lock detection mechanism in this or any other digital delay 
locked loop. Conventionally, a lock detection mechanism changes a lock status from 
unlocked to locked when the clock signal at the output terminal of the delay line first falls 

A 

within the phase window after a period of falling outside of the phase window. Similarly, 
the lock status is changed from locked to unlocked when the clock signal at the output 
terminal of the delay line first falls outside of the phase window after a period of being 
within the phase window. Hysteresis is introduced by using a hysteresis variable. The 
variable is changed in one direction if it is determined that the clock signal at the output 
terminal of the delay line is within the phase window, and otherwise changes the hysteresis 
value in the opposite direction. The lock status is only changed from locked to unlocked 
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once the value reaches or crosses one predetermined value, and is changed from unlocked to 
locked once the value reaches or crosses another predetermined value. 
[0017] In accordance with a fifth aspect of the present invention, the impact of jitter 
sensitivity is reduced in this or any other digital delay locked loop circuit by disabling any 
adjustments in the number of delay elements used in the delay line during a period of jitter 
sensitivity. The control circuit that adjusts the delay elements would receive a disable signal 
indicating that the adjustable number of delay elements is not to be adjusted for the period of 
time the disable signal is asserted. Then, even if the control circuit receives one or more 
signal from the phase detector that would normally cause the control circuit to adjust the 
number of delay elements, the control circuit maintains the number of delay elements the 
same. 

[0018] Additional features and advantages of the invention will be set forth in the 
description that follows, and in part will be obvious from the description, or may be learned 
by the practice of the invention. The features and advantages of the invention may be 
realized and obtained by means of the instruments and combinations particularly pointed out 
in the appended claims. These and other features of the present invention will become more 
fully apparent from the following description and appended claims, or may be learned by the 
practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0019] In order to describe the manner in which the above-recited and other advantages 
and features of the invention can be obtained, a more particular description of the invention 
briefly described above will be rendered by reference to specific embodiments thereof which 
are illustrated in the appended drawings. Understanding that these drawings depict only 
typical embodiments of the invention and are not therefore to be considered to be limiting of 
its scope, the invention will be described and explained with additional specificity and detail 
through the use of the accompanying drawings in which: 

[0020] Figure 1 illustrates delay locked loop circuit in accordance with the principles of 
the present invention; 

[0021] Figure 2 illustrates a flowchart of a method for generating a fixed angle delayed 
clock signal with respect to a reference clock signal while compensating for skew introduced 
by system clock delay in accordance with a first aspect of the present invention; 
[0022] Figure 3 illustrates a flowchart of a method for obtaining a quick lock in a delay 
locked circuit by sampling more frequently prior to pseudo locking than after pseudo 
locking in accordance with a second aspect of the present invention; 

[0023] Figure 4 illustrates a flowchart of a method for adjusting the number of delay 
elements through which the reference clock signal passes in the delay line by introducing 
hysteresis into the sampling process to thereby reduce jitter in accordance with a third aspect 
of the present invention; 

[0024] Figure 5 illustrates a flowchart of a method for introducing hysteresis into the 
lock detection processes to thereby improve lock stability in accordance with a fourth aspect 
of the present invention; 
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[0025] Figure 6 illustrates a flowchart of a method for at least temporarily disabling 
adjustment of the number of delay elements through which a reference clock signal passes in 
a reference clock delay line to thereby reduced sensitivity to jitter in accordance with a fifth 
aspect of the present invention; and 

[0026] Figure 7 illustrates a more detailed diagram of an adjustment determination 
circuit that may be used as the adjustment circuit of Figure 1. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



[0027] The principles of the present invention involve advanced digital delay locked 
loops which may generate fixed angle delayed clock signals (e.g., quadrature clock signals) 
with respect to a reference clock signal and that accounts for system clock delay. The digital 
delay locked loop circuit also acquires a locked state quickly by sampling more frequently 
before acquiring the lock than after. Furthermore, jitter is reduced by introducing hysteresis 
into the sampling process, and by disabling the delay element adjustment process during 
jitter sensitive times. Lock stability is improved by introducing hysteresis into the lock 
detection process. 

[0028] QUADRATURE DE-SKEW 

[0029] Figure 1 illustrates a digital delay locked loop circuit 100 in accordance with the 
principles of the present invention. The delay locked loop circuit 100 operates in a reset 
mode, and in an operational mode. When in the operational mode, the delay locked loop 
circuit 100 is configured to generate a number of quadrature clock signals of a reference 
clock signal while compensating for system clock delay. For instance, the delay locked loop 
^ circuit 100 generates three quadrature clock signals, a 90 degree quadrature clock signal, a 

9 

[g 180 degree quadrature clock signal, and a 270 degree quadrature clock signal, each 

p< $ 1 1 ^ x accounting for system clock delay. However, the principles of the present invention may be 

S i> o g applied to digital delayed lock loop circuits that generate other fixed angle delay as well, and 

o g J w u 

£ I B 1 1 § any other number of fixed angle delayed clock signals as well. 
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^ < 1/3 [0030] Figure 2 illustrates a flowchart of a method 200 for generating the fixed angle 
O delayed clock signals, whether quadrature or otherwise. Accordingly, the method 200 of 

Figure 2 will be described with frequent reference to the delay locked loop circuit 100 of 
Figure 1 . A reference clock signal upon which all of the fixed angle delayed clock signals 
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are based is passed through a reference clock delay line (act 201). For example, in Figure 1, 
the reference clock signal 131 is passed to reference clock delay line 101. The reference 
clock delay line 101 includes a number of delay elements, each introducing a relatively fixed 
amount of delay to signals that are input to that delay element. The total delay introduced 
into the reference clock signal by the reference clock delay line 101 may be adjusted by 
adjusting the number of delay elements through which the signals pass. 
[0031] In one embodiment of the present invention, the reference clock delay line 101 is 
structured as a two-dimensional array of delay elements, instead of the conventional one- 
dimensional series of delay element. The use of the two-dimensional array of delay 
elements reduces degradation of the reference clock signal. 

[0032] The delay locked loop circuit 100 then adjusts the number of reference clock 
delay elements through which the reference clock signal 131 passes in the reference clock 
delay line 101 until the phase detector 102 detects an approximate phase match between the 
reference clock signal received at its feedback clock input 102" from the output terminal of 
the reference clock delay line 101 and the reference clock signal received at its reference 
input 102' (act 202). This is accomplished in Figure 1 using the reference clock phase 
detector 102 and the control circuit 103. 

[0033] The reference clock phase detector circuit 102 detects whether the reference 
clock signal at its feedback clock input leads or lags the reference clock signal at its 
reference input 102'. In this case, the reference clock signal received at the reference input 
102' is the same as the reference clock signal 131 with no delay introduced. However, in 
other embodiments, the reference clock signal received at the reference input 102' may have 
some delay as compared to the reference clock signal 131. If the reference clock signals at 
the reference input and feedback clock input lags each other by too much, then the phase 
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detector 102 sends an up or down signal to the control circuit as represented by arrow 132. 
The phase detector 102 may be any one of numerous phase detectors. The operation and 
structure or phase detectors are generally known to those of ordinary skill in the art. 
[0034] The phase detector 102 includes a shift register (not shown) that ensures that the 
phase detector only generates up and down control signals based on actual phase detection 
when the reference clock signal at the input and output terminals of the reference clock 
delay line 101 are within falling edges. Otherwise, the phase detector 102 may provide 
unstable results thereby minimizing or maximizing the tag point in the reference clock delay 
line without the signals being in lock. Until the phase detector 102 is granted control, the 
phase detector output 132 is constantly in increment mode, causing the delay to be 
continuously added in the reference clock delay line 101. This mode of operation is 
commonly referred to as "open loop" with continuous increment updates until control is 
passed onto the phase detector to operate in "closed loop". 

[0035] The following VERILOG Hardware Description Language code describes 
among other things a shift register that enables this functionality: 

module pfd_dll(CLKIN,CLKFB,UP,DOWN,RN,CLKEN,PFDBYPASS,PFDWIN); 
input CLKIN,CLKFB,RN,CLKEN,PFDBYPASS,PFDWIN; 
output UP,DOWN; 

buf 10 (.Q(CLKIN_BUF),.A(CLKIN)); 
buf II (.Q(RN_BUF),.A(RN)); 

dflop 12 (.Q(PHCNTRL_I),.QN(),.C(CLKIN_BUF),.D(VLDCNTRLD), 
.RN(RNJBUF)); 
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mux2 13 (.Q(VLDCNTRLD) > .IO(PHCNTRL_I),.Il(l , bl),.S(VLDCNTRL_SEL)); 
dflop 14 (.Q(VLDCNTRL_SEL) V C(CLKIN_BUF),.D(VLDCNTRL_SEL),.SD(1 'bl), 

. SE(VLDCNTRL) , .RN(RNBUF)) ; 
mux2 15 (.Q(VLDCNTRL),.IO(VLDCNTRL_SML),.1 1 (VLDCNTRL LRG), 
.S(PFDWIN)); 

aa4 16 (.Q(VLDCNTRL_SML),.A(I4_QN),.B(I30UT),.C(I20UT),.D(I1 OUT)); 
aa4 17 (.Q(VLDCNTRL_LRG),.A(I14_QN),.B(I130UT) 5 .C(I120UT), 

•D(I_INT)); 
aa2 18 (.Q(I_INT),.A(I1 10UT),.B(HOOUT)); 

dflop 19 (.Q(I0OUT),.QN(I0_QN),.C(CLKIN_BUF),.D(I0OUT),.SD(CLKFB), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 110 (.Q(I10UT),.QN(I1_QN),.C(CLKIN_BUF),.D(I10UT),.SD(IOOUT), 

.SE(CLKEN), .RN(RN_BUF)); 
dflop 111 (.Q(I20UT) V QN(I2_QN),.C(CLKIN_BUF),.D(I20UT) V SD(I10UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 112 (.Q(I30UT),.QN(I3_QN),.C(CLKIN_BUF),.D(I30UT),.SD(I20UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 113 (.Q(I40UT),.QN(I4_QN),.C(CLKIN_BUF),.D(I40UT),.SD(I30UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 114 (.Q(I50UT),.QN(I5_QN),.C(CLKIN_BUF),.D(I50UT),.SD(I40UT), 

. SE(CLKEN), . RN(RN_BUF)); 
dflop 115 (.Q(I60UT),.QN(I6_QN) V C(CLKIN_BUF),.D(I60UT),.SD(I50UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 116 (.Q(I70UT),.QN(I7_QN),.C(CLKIN_BUF),.D(I70UT),.SD(I60UT), 
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,SE(CLKEN),.RN(RN_BUF)); 
dflop 1 1 7 (.Q(I80UT),.QN(I8_QN),.C(CLKIN_BUF),.D(I80UT),.SD(I70UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 118 (.Q(I90UT),.QN(I9_QN),.C(CLKIN_BUF),.D(I90UT),.SD(I80UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 1 1 9 (.Q(1 1 0OUT),.QN(1 1 0_QN),.C(CLKIN_BUF),.D(1 1 0OUT),.SD(I9OUT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 120 (.Q(I1 10UT),.QN(I1 1_QN),.C(CLKIN_BUF),.D(I1 lOUT),.SD(I10OUT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 121 (.Q(I120UT),.QN(I12_QN),.C(CLKIN_BUF),.Dai20UT),.SD(Il 10UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 122 (.Q(I130UT),.QN(I13_QN) > .C(CLKIN_BUF),.D(I130UT),.SD(I120UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 123 (.Q(I140UT),.QN(I14_QN),.C(CLKIN_BUF),.D(I140UT),.SD(I130UT), 

.SE(CLKEN),.RN(RN_BUF)); 
dflop 124 (.Q(DWNII) J .QN(UPII) V C(CLKIN_BUF),.D(CLKFB),.SN(RN_BUF)); 
dflop 125 
(.Q(DWNI),.QN(PFDREGO_QN),.C(CLKIN_BUF) v D(DWNII),.RN(RN_BUF)); 
or2 126 (.Q(PHCNTRL),.A(PHCNTRL_I),.B(PFDBYPASS)); 
aa2 127 (.Q(DOWN),.A(PFDREG0_QN),.B(PHCNTRL)); 
na2 128 (.Q(UP),.A(PFDREGO_QN),.B(PHCNTRL)); 
endmodule 
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[0036] The reference clock control circuit 103 adjusts the number of reference clock 
delay elements through which the reference clock signal passes (i.e., adjusts the tag point) in 
response to the signals from the phase detector 102 when the delay locked loop circuit 100 is 
not operating in the reset mode. If the delay locked loop circuit 100 is operating in the reset 
mode, the reference clock control circuit 103 causes the reference clock signal to pass 
through only a certain fixed amount of reference clock delay elements. The control circuit 
103 also includes an adjustment filter 103 A that introduces hysteresis into the sampling 
process. This hysteresis reduces jitter thereby improving the accuracy of the delay locked 
loop circuit 100. More regarding the adjustment filter 103 A will be described below with 
respect to Figure 4. 

[0037] Referring to Figure 1, the delay locked loop circuit 100 also includes a number of 
quadrature delay lines 105 A, 105B and 105C. The delay locked loop circuit 100 is 
configured such that the 90 degree quadrature delay line 105 A ultimately outputs a clock 
signal that after passing through system clock delay 106 A results in a 90 degree quadrature 
clock signal that is based on the reference clock signal and that compensates for system 
clock delay 106 A. Furthermore, the quadrature delay line 105B ultimately outputs a clock 

s 

g signal that after passing through system clock delay 106B results in a 180 degree quadrature 

oi 2 < I §3 Z clock signal that is based on the reference clock signal and that compensates for system 
§ d 5 o I fc* clock delay 106B. Finally, the quadrature delay line 105C ultimately outputs a clock signal 

55 5 3 3 

Z 8 p « 23 3 that after passing through system clock delay 106C results in a 270 degree quadrature clock 

g < § o h 

5 w signal that is based on the reference clock signal and that compensates for system clock 
O delay 106C. In addition to 90, 180, and 270 degree quadrature clock signals, the principles 

of the present invention may be employed to generate any fixed angle delayed clock signal 
(e.g., 70 degrees) that is based on the reference clock signal and that compensates for system 
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clock delay. The delay lines 105 A. 105B and 105C may also have a two-dimensional 
structure and may be exact replicas of delay line 101 to thereby increase accuracy of the 
fixed angle delayed clock signal. However, the delay lines 105 A, 105B and 105C may have 
any other structures in which the number of delay elements may be adjusted and the amount 
of delay introduced by a delay element is relatively predicable. 

[0038] The delay locked loop circuit 100 calculates an initial number of quadrature 
clock delay elements in a quadrature clock delay line needed to generate a quadrature clock 
signal of the reference clock signal (act 203). This calculation will also be referred to as the 
"initial calculation." This initial calculation may be performed for each of the system delay 
compensated, fixed angle clock signals, and may be continuously performed, or performed 
at certain intervals. This calculation may be based on the number of reference clock delay 
elements used at the time the phase detector 102 detects an approximate phase match 
between its reference input and feedback clock input. 

[0039] For example, referring to Figure 1, the delay locked loop circuit 100 includes a 
memory location that includes the current reference clock tag point 107. A 90 degree 
control circuit 108 A determines the appropriate tag point for the 90 degree delay line 105 A; 
the 180 degree control circuit 108B determines the appropriate tag point for the 180 degree 
delay line 105B, and the 270 degree control circuit 108C determines the appropriate tag 
point for the 270 degree delay line 1 05C. 

[0040] The initial calculation may be performed for the 90 degree delay line 105 A by 
the initial tag point calculation circuit 108AA of the 90 degree control circuit 108 A. For 
example, if the current reference clock tag point is 100, then the initial calculation will result 
in 25 delay elements. 



-Page 18- 



DocketNo. 14993.29 



[0041] The initial calculation may be performed for the 180 degree delay line 105B by 
the initial tag point calculation circuit 108BA of the 180 degree control circuit 108 A. For 
example, if the current reference clock tag point is 100, then the initial calculation will result 
in 50 delay elements. 

[0042] The initial calculation may be performed for the 270 degree delay line 105C by 
the initial tag point calculation circuit 108CA of the 270 degree control circuit 108C. For 
example, if the current reference clock tag point is 100, then the initial calculation will result 
in 75 delay elements. 

[0043] Referring back to Figure 2, a clock signal is received from the fixed angle clock 
delay line (act 204). This clock signal may be a delayed version of the reference clock 
signal for example. Referring to Figure 1, the clock signal from the 90 degree delay line 
105 A is received by the adjustment circuit 109A as represented by the arrow 133 A; the 
clock signal from the 180 degree delay line 105B is received by the adjustment circuit 109B 
as represented by the arrow 133B; and the clock signal from the 270 degree delay line 105C 
is received by the adjustment 109C as represented by the arrow 133C. 
[0044] Referring back to Figure 2, the clock signal is also passed through a system clock 
mechanism that introduces the system clock delay (act 205). For example, the clock signal 
from the 90 degree delay line 105 A is passed through a system clock mechanism that 
introduces system clock delay 106A and then is provided to the adjustment circuit 109A as 
represented by arrow 134 A; the clock signal from the 180 degree delay line 105B is passed 
through a system clock mechanism that introduces system clock delay 106B and then is 
provided to the adjustment circuit 109B as represented by arrow 134B; and the clock signal 
from the 270 degree delay line 105C is passed through a system clock mechanism that 
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introduces system clock delay 106C and then is provided to the adjustment circuit 109C as 
represented by arrow 134C. 

[0045] Referring back to Figure 2, the delay locked loop circuit 100 then calculates an 
adjustment number of fixed angle clock delay elements needed to account for the system 
clock delay using the clock signal received from the fixed angle clock delay line and the 
clock signal after having passed through the system clock mechanism (act 206). Referring 
to Figure 1, this may be accomplished for the 90 degree delay line 105 A by the adjustment 
circuit 109 A, for the 180 degree delay line 105B by the adjustment circuit 109B, and for the 
270 degree delay line 105C by the adjustment circuit 109C. 

[0046] Figure 7 illustrates an adjustment circuit 700 that may be used for any one of the 
adjustment circuits 109A, 109B, and 109C. The adjustment circuit 700 includes a phase 
detector 701 and an adjustment determination delay line 702. The delay line 702 receives 
the clock signal before being subject to the system clock delay. The phase detector 701 
receives and compares phases for the signal after having been subject to the system clock 
delay, and the signal before being subject to the system clock delay and after having passed 
through the delay line 702. The phase detector 701 then adjusts the tap point of the delay 
line 702. Based on the amount of adjustment performed before a lock is detected, the phase 
detector 701 then calculates the adjustment number of delay elements needed to compensate 
for the system clock delay. 

[0047] Referring back to Figure 1, the adjustment circuit 109A provides a signal 
representing the adjustment number for the 90 degree delay line to a final tag point 
calculation circuit 108AB of the 90 degree control circuit 108 A. The adjustment circuit 
109B provides a signal representing the adjustment number for the 180 degree delay line to 
a final tag point calculation circuit 108BB of the 180 degree control circuit 108B. The 
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adjustment circuit 109C provides a signal representing the adjustment number for the 270 
degree delay line to a final tag point calculation circuit 108CB. 

[0048] Referring to Figure 2, the delay locked loop circuit 100 then calculates a final 
number of fixed angle clock delay elements needed to generate a quadrature clock signal 
that accounts for system clock delay by adjusting the initial number of fixed angle clock 
delay elements by the adjustment number of fixed angle clock delay elements (act 207). 
[0049] Referring to Figure 1, this may be accomplished by the final tag point calculation 
circuit 108AB for the 90 degree delay line 105A. For example, if the current reference 
clock tag point 107 is 100 delay elements, the initial number of delay elements (25 
elements) would be adjusted by the adjusted number of delay elements (say, for example, 1 1 
delay elements) needed to compensate for system clock delay 106 A. The final number of 
delay elements would be 14 delay elements needed to generate a 90 degree quadrature signal 
based on the reference clock signal and that accounts for the system clock delay 106 A. 
[0050] The may also be accomplished by the final tag point calculation circuit 108BB 
for the 180 degree delay line 105B. For example, if the current reference clock tag point 
107 is 100 delay elements, the initial number of delay elements (50 elements) would be 
adjusted by the adjusted number of delay elements (say, for example, 12 delay elements) 
needed to compensate for system clock delay 106B, The final number of delay elements 
would be 38 delay elements needed to generate a 180 degree quadrature signal based on the 
reference clock signal and that accounts for the system clock delay 106B. 
[0051] For the 270 degree delay line 105C, this may be accomplished by the final tag 
point calculation circuit 108CB for the 270 degree delay line 105C. For example, if the 
current reference clock tag point 107 is 100 delay elements, the initial number of delay 
elements (75 elements) would be adjusted by the adjusted number of delay elements (say, 
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for example, 14 delay elements) needed to compensate for system clock delay 106C. The 
final number of delay elements would be 61 delay elements needed to generate a 270 degree 
quadrature signal based on the reference clock signal and that accounts for the system clock 
delay 106C. 

[0052] Note that in some cases the adjustment number of delay elements may be greater 
than the initial number of delay elements. To avoid a negative final number of delay 
elements, the initial number may take into consideration harmonics of the fixed angle delay 
signal to be generated. For example, suppose that the current reference clock tag point 107 
is 100 delay elements. Typically, the initial number of delay elements used to generate a 90 
degree signal would be 25 delay elements. However, if there is a real possibility that the 
adjustment number needed to compensate for system clock delay would be greater than 25, 
then the initial number may be instead 125 elements. 

[0053] Referring to Figure 1, the delay locked loop circuit 100 then adjusts the number 
of fixed angle clock delay elements through which the input clock signal passes in the fixed 
angle clock delay line to reflect (i.e., to be equal or proportional to) the calculated final 
number of fixed angle clock delay elements (act 208). Thereafter, when the reference clock 
signal is received by the corresponding fixed angle clock delay line (act 209), that fixed 
angle clock delay line passes the reference clock signal through the final number of fixed 
angle clock delay elements (act 210). The delayed reference clock signal is then output 
from the fixed angle clock delay line in the form of the fixed angle delayed clock signal that 
accounts for system clock delay. 

[0054] DYNAMIC LOOP TUNING FOR QUICK LOCK ACQUISITION 

[0055] In accordance with a second aspect of the present invention, a pseudo locked 

state is quickly acquired by sampling more frequently prior to pseudo lock as compared to 
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after pseudo lock. Referring to Figure 1, the lock detector 104 detects or estimates when the 
fixed angle delay lines are likely generating a proper fixed angle delayed signal. This 
estimation may be potentially made by detecting that the reference clock lock detector 104 is 
detecting an approximate phase match at its inputs (i.e., the reference loop has stabilized) 
and then potentially adding a certain number of clock cycles before asserting a lock 
condition to insure that the fixed angle clock control circuits sufficient time to stabilize. 
Alternatively, the estimation of the lock condition may be potentially made by detecting an 
approximate phase match in a lock detector for some independent feedback loop that 
includes a separate delay line. When this phase match is detected, the system is referred to 
herein as being in "pseudo lock". 

[0056] In one embodiment, the lock detector 104 includes an initial lock detection 
circuit 104A as well as a final lock detection circuit 104B. The final lock detection circuit 
104B introduces hysteresis into the lock detection process, to thereby improve stability in 
lock detection. More regarding the lock detection circuit 104, the initial lock detection 
circuit 104 A, and the final lock detection circuit 104B will be described below with respect 
to Figure 5. 

[0057] As previously mentioned, in accordance with the second aspect of the invention, 
a pseudo locked state is quickly acquired by sampling more frequently prior to pseudo lock 
as compared to after pseudo lock. For instance, in the context of the delay locked loop 
circuit 100 of Figure 1, sampling occurs by recalculating the initial number, the adjustment 
number and final number of fixed angle delay elements. Alternatively, sampling may 
include more generally monitoring the feedback of the reference loop, fixed angle delay line 
feedback, or an independent feedback loop to determine whether the system is stable. For 
instance, sampling might occur every eight clock cycles before a pseudo lock is detected, 
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and perhaps every 154 clock cycles after a pseudo lock is detected. This allows pseudo lock 
to be obtained more rapidly thereby extending the useful life of the delay locked loop. 
Furthermore, rapid acquisition of a locked state thereby shortening system boot time. 
[0058] This quick start aspect of the present invention may be implemented in any delay 
locked loop circuit that samples by a phase detector comparing the phase of a clock signal at 
its feedback clock input after having passed through a delay line with the phase of the clock 
signal at its reference input before having passed through a delay line, and the phase detector 
or other control circuit adjusting the number of delay elements through which the clock 
signal passes in response to the comparison. Figure 3 illustrates a flowchart of a method 300 
for performing dynamic loop tuning for quick lock acquisition in accordance with the 
principles of the present invention. 

[0059] Whether or not lock has been obtained, the method 300 includes acts of 
comparing a phase of the clock signal at its feedback clock input after having passed through 
a delay line with the phase of the clock signal at it reference input before having passed 
through the delay line (act 301). Then, the number of delay elements through which the 
clock signal passes is potentially adjusted (i.e., the delay line tag point is potentially 
adjusted) if the phase of the clock signal at the feedback clock input of the phase detector is 
not approximately in phase with the reference input of the phase detector (act 302). 
[0060] If lock is not obtained (NO in decision block 303), then the acts of comparing 
and adjusting are repeater at a relatively high frequency compared to after pseudo lock is 
obtained. Once it has been determined that pseudo lock has been obtained (YES in decision 
block 303); in other words, the clock signal at the feedback clock input of the phase detector 
is approximately in phase with clock signal at the reference input of the phase detector, then 
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the acts of comparing and adjusting are performed at a lower frequency as compared to 
before lock is obtained. 

[0061] PHASE DETECT FILTER WITH BUILT IN HYSTERESIS 
[0062] In accordance with a third aspect of the present invention, jitter in this or any 
digital delay locked loop may be reduced by introducing hysteresis into the sampling 
process by introducing a sampling filter between the phase detector and the control circuit. 
Conventionally, the number of delay elements used in a delay line is adjusted every time the 
phase detector samples that its inputs are outside of a certain phase window with respect to 
each other. However, in a digital delay locked loop, the clock signal at the feedback clock 
input of the phase detector may sometimes fall slightly outside of the phase window due to 
simple digital precision error rather than the signals wandering more persistently out of the 
phase window. The sampling filter prevents any adjustment in the number of delay 
elements until some predetermined number of consecutive signals from the phase detector 
indicates that the control signals is either consistently lagging or consistently leading. This 
would largely prevent unnecessary phase adjustments due to precision error, and would 
thereby reduce jitter. 

[0063] The sampling filter is represented in Figure 1 by the adjustment filter 103 A. In 
the example implementation of Figure 1, the phase detector 102 generates an up or down 
signal potentially every 8 clock cycles. Before pseudo lock, sampling occurs every 8 clock 
cycles as well. Recall that sampling means that not only is a phase comparison made, but 
that a detected phase difference is reflected by a tap point adjustment in the delay line. 
Accordingly, in order to allow this adjustment every 8 clock cycles, the adjustment filter 
simply allows all of the up/down signals from the phase detector 102 to be reflected in a tag 
point adjustment in the reference clock delay line 101 prior to pseudo lock. In one 
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embodiment in which the adjustment filter is only updated at the rate of every 8 reference 
clock cycles, 8 consecutive up or down signals would actually take 64 reference clock 
cycles. 

[0064] After pseudo lock, however, the adjustment filter 103 A takes on a filtering role. 
Specifically, the phase detector 102 still generates, and the adjustment filter 103 A still 
receives an up/down signal every 8 clock cycles. After pseudo lock, however, the 
adjustment filter 103 A waits for a predetermined number (e.g., 8) of consecutive down 
signals before it actually reflects a down adjustment of the tag point in the reference clock 
delay line 101. Similarly, the adjustment filter 103B waits for a predetermined number (e.g., 
also 8) of consecutive up signals before it actually reflects an up adjustment of the tag point 
in the reference clock delay line 101. 

[0065] The following illustrates Verilog Hardware Description Language code that 
describes a very specific example filter in accordance with one embodiment of the present 
invention. 

module lowpassfltr 



^ (DOWN,UP,CLKENO,CLKEN2,CLOCK,U,D,SAMPLENO,RESETN,FLOCK2); 
S input CLKENO,CLKEN2,U,D,CLOCK,RESETN,FLOCK2; 

Shlii out P ut DOWN,UP,SAMPLENO; 




reg [4:0] UPENREG,STATE,NEXT_STATE; 



REG UP,DOWN,UP_I,DOWN_I,UPENRSTREG, PURGEREG; 



Wire UPENRST,CLKENI,PURGE; 
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Parameter THIRTEENN = 5'bl 1001, 





TWELVEN= 5'bl 1010, 




ELEVENN = 5'blllll, 




TENN = 5'bllll0, 




NINEN = 5'bl 1101, 




EIGHTEN = 5'bl 1100, 




SEVENN = 5'B10101, 




SIXN = 5'bl0100, 




FiVEN = 5'bl0111 




FOURN = 5'bl0110, 




THREEN = 5'bl0011, 




TWON=5'bl0010, 




UJN.biN — j dIUUUI, 




ZERO = 5'b00000, 




ONEP = 5'b00001, 


> 


TWOP = 5'b00010 


CMAN, NYDEGGER & SEEI 

A PROFESSIONAL CORPORATION 
ATTORNEYS AT LAW 
1000 EAGLE GATE TOWER 
60 EAST SOUTH TEMPLE 
SALT LAKE CITY, UTAH 84111 


THREEP = 5'b00011, 
FOURP = 5'b00110, 
FIVEP = 5'b00111, 
SIXP = 5'b00100, 
SEVENP = 5'b00101, 


1 


EIGHTP = 5'b01100, 
NINEP-5'b01101, 
TENP = 5'b01110, 
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ELEVENP = 5'b01111, 
TWELVEP = 5'b01010, 
THIRTEENP = 5'b01001, 



always @(posedge CLOCK or negedge RESETN or negedge PURGREG) 
begin 
if (IRESETN) 
begin 
UP = 0; 
DOWN = 0; 
end 

else if (! PURGREG) 
begin 
UP = 0; 
DOWN = 0; 




end 



else if (CLKENI) 



begin 



UP = UP_I; 



DOWN = DOWNJ; 



end 



end 



always @(posedge CLOCK or negedge RESETN) 



begin 
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if (IRESETN) 

UPENREG = 0; 
else if (CLKEN2) 

if (UPENREG == 5'b 10001) 
UPENREG = 0; 

else 

UPENREG = UPENREG +1 ; 



assign UPENRST 

((!UPENREG[4] I |UPENREG[3] I |UPENREG[2] I |UPENREG[1 1 |UPENREG[0 

(!UPENREG[4] I |UPENREG[3] I |UPENREG[2] I |UPENREG[1] I |!UPENREG[ 
assign PURGE 

(!UPENREG[4] I |UPENREG[3] I |UPENREG[2] I |UPENREG[1] I |!UPENREG[0]) assign 
£ SAMPLENO 

w „ (UPENREG[4]«fe&!UPENREG[3]&&!UPENREG[2]&&!UPENREG[l]&&UPENREG 
gg<||5 assign CLKENI 

Q i 1 3 1 B (!(!UPENREG[4] I |UPENREG[3] I |UPENREG[2] I |UPENREG[1] I |UPENREG[0 

always @(posedge CLOCK or negedge RESETN) 
begin 
if (IRESETN) 
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UPENRSTREG = 1'bO; 
else if(CLKEN2) 
UPENRSTREG = UPENRST; 

end 

always @(posedge CLOCK or negedge RESETN) 
begin 
if (IRESETN) 

PURGE REG = 1'bO; 
else if(CLKEN2) 
PURGEREG = PURGE; 

end 

always @(posedge CLOCK or negedge RESETN or negedge UPENRSTREG) 
begin 
if (IRESETN) 




else if( ! UPENRSTREG) 



STATE = 0; 



STATE = 0; 



else if(CLKENO && FLOCK2) 



STATE = NEXT_STATE; 



end 



always @(STATE or U or D) 
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begin 
case (STATE) 
THIRTEENN: 
begin 
DOWNJ = l'bl; 
UP_I = 1'bO; 
if(U) 

NEXT STATE = TWELVEN; 
else if(D) 
NEXT STATE = THIRTEENN; 
else 

NEXT STATE = THIRTEENN; 
end //case: THIRTEENN 



TWELVEN: 
begin 

gj DOWNJ = l'bl; 



7T 5 W lm O r-r 



UP_l-= l'bo; 



1 1 1 1| NEXT_STATE = ELEVENN; 



else if(D) 
NEXT_STATE •= THIRTEENN; 
else 

NEXT_STATE = TWELVEN; 
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o - o W J 

^ y < o o 



end // case: TWELVEN 
ELEVENN: 
begin 

DOWN I = l'bl; 

UP 1-= 1'bO; 

if(U) 

NEXT_STATE = TENN; 
else if(D) 
NEXT_STATE = TWELVEN; 
else 

NEXT_STATE = ELEVENN 
end // case: ELEVENN 
TENN: 
begin 
DOWN! = l'bl; 



^ UP_l-=l'bO; 

W 2 



if(U) 



Slllix NEXT_STATE = NINEN; 

W 9 -J P m g 

g^Slf: elseif(D) 

fell Si? NEXT_STATE = ELEVENN; 



else 



O NEXTSTATE = TENN; 

end // case: TENN 
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NINEN: 
begin 
DOWNJ = l'bl; 
UP_I= 1'bO; 
if(U) 

NEXTSTATE = EIGHTN; 
else if(D) 
NEXTSTATE = TENN; 
else 

NEXTSTATE = NINEN; 
end // case: NINEN 
EIGHTN: 
begin 
DOWNJ = l'bl; 
UP_I = 1'bO; 

Sn if(U) 

g NEXTSTATE = SEVENN; 

SS^IS: elseif(D) 

§ 2 J2 g 1 fc' NEXT STATE = NINEN; 



NEXT_STATE = EIGHTN; 
end // case: EIGHTN 
SEVENN: 
begin 
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DOWNJ = 1'bO; 
UP_I = 1'bO; 
if(U) 

NEXT_STATE = SIXN; 
else if(D) 
NEXTSTATE = EIGHTN; 
else 

NEXT_STATE = SEVENN; 
end // case: SEVENN 
SIXN: 
begin 
DOWNJ - 1'bO; 
UP_I = 1'bO; 
if(U) 

NEXT_STATE = FIVEN; 

^ else if(D) 

w 

g NEXTSTATE = SEVENN; 

Splli else 
g | g g | £ NEXTSTATE = SIXN; 

^it^ll end // case: SIXN 



►^S < s o 



FIVEN: 



3 



O begin 



DOWNJ = 1'bO; 
UPJ = 1'bO; 
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if(U) 

NEXTSTATE = FOURN; 
else if(D) 
NEXTSTATE = SIXN; 
else 

NEXT_STATE = FIVEN; 
end // case: FIVEN 
FOURN: 
begin 
DOWNJ = 1'bO; 
UP_I = 1'bO; 
if(U) 

NEXT_STATE = THREEN; 
else if(D) 
NEXTSTATE = FIVEN; 
>. else 

s 

g NEXT_STATE = FOURN; 

SIlMi end //case: FOURN 

g^eSgtf THREEN: 
Igill begin 



5 



DOWN I = 1'bO; 



O UP I = 1'bO; 



if(U) 

NEXTSTATE = TWON; 



3 

g ONEN 

ISiii 

^ a J H W < 
>r o < H e ^ 



5 2vo 3 

e/5 



else if(D) 
NEXTSTATE = FOURN; 
else 

NEXT_STATE = THREEN; 
end // case: THREEN 
TWON: 
begin 
DOWNJ =l'bO; 
UP_I = l'bO; 
if(U) 

NEXTSTATE = ONEN; 
else if(D) 
NEXTSTATE = THREEN; 
else 

NEXT_STATE = TWON; 
end // case: TWON 



W g -» h £ < 

1 1 P§ Iff DOWNI = 1'bO; 

S 5 W it] n r? 



!|2<|| UP 1 =rbO; 



if(U) 

NEXT_STATE = ZERO; 
else if(D) 
NEXT_STATE = TWON; 
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else 

NEXT_STATE = ONEN; 
end // case: ONEN 
ZERO: 
begin 
DOWNJ = 1'bO; 



UP_I = 1'bO; 
if(U) 

NEXT_STATE = ONEP; 
else if(D) 
NEXT_STATE = ONEN; 
else 

NEXTJSTATE = ZERO; 
end // case: ZERO 
ONEP: 
begin 



21 ill l DOWNJ = l'bO; 

g^S!*? UPJ = l'bO; 

£l§iS58 if(U) 



NEXTSTATE = TWOP; 
else if(D) 
NEXT_STATE = ZERO; 
else 
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NEXT_STATE = ONEP; 
end // case: ONEP 
TWOP: 
begin 
DOWNJ = 1'bO; 
UP_I = 1'bO; 
if(U) 

NEXT_STATE = THREEP; 
else if(D) 
NEXTSTATE = ONEP; 
else 

NEXT_STATE = TWOP; 
end // case: TWOP 
THREEP: 
begin 



^ DOWNJ = 1'bO; 

gj UP_I = 1'bO; 

™z = 

SSsSglf NEXTSTATE = FOURP; 

^liill elseif(D) 



NEXT STATE = TWOP; 



O else 



NEXT_STATE = THREEP; 
end // case: THREEP 
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FOURP: 



begin 
DOWNJ = 1'bO; 
UP_I-= 1'bO; 
if(U) 

NEXT_STATE = FIVEP; 
else if(D) 
NEXT_STATE = THREEP; 
else 

NEXT_STATE = FOURP; 
end // case: FOURP 
FIVEP: 
begin 

DOWNJ = 1'bO; UP_I = 1'bO; 
if(U) 



^ NEXT_STATE = SIXP; 

a 

g else if(D) 

Sl^li* NEXT_STATE = FOURP; 



OS H u P £ 
. O < H T 1 ^ 

O u «<E>; plop 



65 j w 



u 



NEXT_STATE = FIVEP; 



tr o ^ " 



end //case: FIVEP 
SIXP: 
begin 
DOWNJ = 1'bO; 
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UP_I = 1'bO; 
if(U) 

NEXTSTATE = SEVENP; 
else if(D) 
NEXTSTATE = FIVEP; 
else 

NEXT_STATE = SIXP: 
end // case: SIXP 
SEVENP: 
begin 
DOWNJ = 1'bO; 
UP_I = 1'bO; 
if(U) 

NEXTSTATE = EIGHTP; 
else if(D) 



else 



> NEXTSTATE = SIXP; 

si 

Shll? NEXT_STATE = SEVENP; 

Q 2 H W H g 

g § ss S I >f end // case: SEVENP 

S EIGHTP: 



begin 



O DOWNJ = 1'bO; 



UP_I = l'bl; 
if(U) 
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NEXT_STATE = NINEP; 
else if(D) 
NEXT_STATE = SEVENP; 
else 

NEXT_STATE = EIGHTP; 
end // case: EIGHTP 
NINEP: 
begin 
DOWNJ = 1'bO; 
UP_I = l'bl; 
if(U) 

NEXTSTATE = TENP; 
else if(D) 
NEXT_STATE = EIGHTP; 
else 

NEXT_STATE = NINEP; 
. end // case: NINEP 




TENP: 
begin 
DOWNJ = 1'bO; 
UP_I-= l'bl; 
if(U) 



NEXTSTATE = ELEVENP; 
else if(D) 
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El 



NEXT_STATE = NINEP; 
else 

NEXT_STATE = TENP; 
end// case: TENP 
ELEVENP: 
begin 
DOWNJ = 1'bO; 
UP_I = l'bl; 
if(U) 

NEXT_STATE = TWELVEP; 
else if(D) 
NEXT_STATE = TENP; 
else 

NEXTSTATE = ELEVENP; 
end // case: ELEVENP 



> TWELVEP: 



begin 
DOWNJ = 1'bO; 



UP_I = l'bl; 

g||iiS 



NEXT_STATE = THIRTEENP; 
else if(D) 
NEXT_STATE = ELEVENP 
else 
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3 



^2 



NEXTSTATE = TWELVEP; 
end// case: TWELVEP 
THIRTEENP: 
begin 
DOWNJ = 1'bO; 
UP_I-= I'M; 
if(U) 

NEXTSTATE = THIRTEENP; 
else if(D) 
NEXT_STATE = TWELVEP; 
else 

NEXT_STATE = THIRTEENP; 
end // case: THIRTEENP 
default: 
begin 
DOWN I = 1'bO; 



g UP_I = 1'bO; 



if(u) 

S isSlfc" NEXT_STATE = ONEP; 

>T 5 W a n w 



2 u O f s 
g | j co o 

|g||3 elseif(D) 

l 00 



NEXT_STATE = ONEN; 



O else 



NEXT_STATE = ZERO; 
end // case: ZERO 
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endcase // case (STATE) 
end // always @ (STATE or U or D) 
endmodule 



[0066] Figure 4 illustrates a flowchart of a more general method 400 for filtering the 
sampling of a delay locked loop circuit that may be applicable to any delay locked loop 
circuit in which the tap point of a delay line is adjusted in response to phase detection of the 
signal at the feedback clock input and reference clock input of the phase detector. 
[0067] The sampling filter receives one of an up or down signal from the phase detector 
(act 401). If this receipt results in a predetermined number of consecutive up signals or a 
predetermined number of consecutive down signals to be received (YES in decision block 
402), then the tag point is adjusted (act 403), and the process returns to the sampling filter 
receiving another signal from the phase detector (act 401). Otherwise (NO in decision block 
402), the process returns to the filter receiving another signal from the phase detector (act 
^ 401) without having adjusted the tag point and the process repeats. 

s 

g [0068] DLL LOCK DETECT FILTER 

™* = 

2 < I % = [0069] In accordance with a fourth aspect of the present invention, stability and 

S d > o s £ robustness are introduced into the lock detection process by introducing hysteresis into the 

S z & u o n 
P 9 g J w 

^ 8 £ 1 1 1 lock detection mechanism. This hysteresis alleviates spurious lock deassertions. 

>-rr 2 ^ 2 ° h 
£ K 2 * ^ 

5 ° Conventionally, a lock detection mechanism changes a lock status from unlocked to locked 



O when the clock signal at the feedback clock input and reference input of a lock detector first 

fall inside of a phase window with respect to each other after a period of falling outside of 
the phase window. Similarly, the lock status is changed from locked to unlocked when the 
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clock signal at the feedback clock input and reference input of a lock detector first falls 
outside of the phase window after a period of being within the phase window. In one 
embodiment, the lock detector is closely coupled with the phase detector. For example the 
delay locked loop circuit may have a specification for the pull-in/phase offset range for the 
phase detector. This range represents the statistical accuracy of how accurately the 
reference clock may be matched with the feedback clock excluding jitter. From that 
specification, one may calculate the required lock window that accommodates the offset and 
widen to accommodate jitter while insuring a window limit that still allows an accurate non- 
lock condition. In short, the lock detection is performed by a lock detector and the lock 
detector is tightly coupled with the phase detector. 

[0070] Hysteresis is introduced by using a hysteresis variable. The variable is changed 
in one direction if it is determined that the clock signal at the output terminal of the delay 
line is within the phase window, and otherwise changes the hysteresis value in the opposite 
direction. The lock status is only changed from locked to unlocked once the value reaches 
or crosses one predetermined value, and is changed from unlocked to locked once the value 
reaches or crosses another predetermined value. 

[0071] Referring to Figure 1, the lock detection filter is illustrated in the form of final 
lock detection circuit 104B, where the initial lock detection circuit 104A actually detects 
whether the clock signals (i.e., the reference and feedback clock signals) at the feedback 
clock input of input of the lock detector is within the lock window. Figure 5 illustrates a 
flowchart of a method 500 for introducing hysteresis into the lock detection mechanism and 
may be performed by the final lock detection circuit 104B of Figure 1 or by a lock detection 
mechanism in another delay locked loop. When referring to lock detection in the context of 
the digital delay locked loop 100 of Figure 1, lock detection refers to pseudo-lock detection. 
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[0072] First, it is determined whether or not the clock signal at the reference clock input 
is within a predetermined phase window relative to the clock signal at the reference input of 
the lock detector (decision block 501). If it is determined that it is within the phase window 
(YES in decision block 501), then the value of the hysteresis variable is changed in one 
direction (e.g., is increased) (act 502). If the lock detection currently has an unlocked status, 
and if the change causes the hysteresis variable to cross a certain threshold value (YES in 
decision block 503) , then the lock status is changed from unlocked to locked (act 504). If 
the change does not cause the hysteresis value to cross a threshold value (NO in decision 
block 503), then the next signal from the initial lock detection circuit 104A is evaluated to 
determine if the clock signal is in the phase window (back to decision block 501) and the 
process is repeated. 

[0073] If it is determined that the clock signal at the feedback clock input of the lock 
detector is not in the phase window (NO in decision block 501), then the value of the 
hysteresis variable is changed in the opposite direction (e.g., is decreased) (act 505). If the 
lock detection currently has a locked status, and if the change causes the hysteresis variable 
to cross a certain threshold value (YES in decision block 506), then the lock status is 
changed from locked to unlocked (act 507). If the change does not cause the hysteresis 
variable to cross a threshold value (NO in decision block 506), then the next signal from the 
initial lock detection circuit 104A is evaluated to determine if the clock signal is in the phase 
window (back to decision block 501) and the process is repeated. The threshold value for 
changing from locked to unlocked status, and the threshold value for changing from 
unlocked to locked status may be different or the same. 

[0074] Accordingly, mere precision error in the lock detection process will not on its 
own cause the lock status to change. The lock status will more likely only change when the 
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phase of the output clock signal truly warrants the change in lock status as when the signal 
phase is drifting. 

[0075] The following Verilog Hardware Description Language code illustrates an 
example of the lock detection filter that introduces this hysteresis and in which the 
predetermined threshold values are 40 and 56: 

module lockavg 
(CLK 5 CLKEN,RST ? DIR 5 PLOCK 5 FLOCK 3 FLOCKl,FLOCK2 3 SAMPLENO ? LCKBYPASS) 

input CLK,CLKEN,RST,DIR,SAMPLENO,LCKBYPASS; 
output PLOCK, FLOCK, FLOCK1, FLOCK2; 

reg [5:0] COUNTER; 

reg PLOCK,FLOCK,FLOCKO,FLOCKl,FLOCK2; 
wire DIR_I; 



assign DIR_I = LCKBYPASS 1 1 DIR; 

always@(posedge CLK or negedge RST) 
begin 
if(!RST) 

COUNTER = 0; 
else if (CLKEN) 
case (DIRI) 
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1'bO: 
begin 
if (COUNTER == 0) 

COUNTER = 0; 
else 

COUNTER = COUNTER - 1 ; 
end // case: 1'bO 
1'bl: 
begin 

if (COUNTER — 63) 

COUNTER = 63; 
else 

COUNTER = COUNTER +1 ; 



end 



endcase // case (DIR) 

a 

S end // always® (posedge CLK or negedge RST) 

K 2 < g § ac 

O s b w H R 
X o < h a 

rrj d > O 5 h 

H g y w 5 R 

" ; O H W 



always@(posedge CLK or negedge RST) 



£ O < £ 2 , . 



if(!RST) 

PLOCK = 1'bO; 
else if ((COUNTER <= 40) && CLKEN) 

PLOCK = 1'bO; 
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else if((COUNTER >= 56) && CLKEN) 
PLOCK = l'bl; 
else 

PLOCK = PLOCK; 



end 

always@(posedge CLK or negedge RST) 
begin 
if(!RST) 
begin 
FLOCKO <= 1'bO; 
FLOCKI <= 1'bO; 
FLOCK2 <= 1'bO; 
FLOCK <=l'bO; 
end 

g else if(CLKEN && SAMPLENO) 

SilllJ //elseif(CLKEN) 



g S S g g begin 

S 5 W tii n h 



FLOCKO <= PLOCK; 



2 o e > f- 

^5 2 5 



00 



FLOCKI <= FLOCKO&&PLOCK; 



O FLOCK2 <= FLOCK1&&PLOCK; 



FLOCK <= FLOCK2&&PLOCK; 
end 

- Page 49 - Docket No. 14993.29 



end // always® (posedge CLK or negedge RST) 
endmodule 



[0076] DLL WITH CONTROL LOOP LOCKOUT 

[0077] In accordance with a fifth aspect of the present invention, sensitivity to jitter is 
reduced by disabling any adjustments in the number of delay elements used in the delay line 
during a period of jitter sensitivity. The control circuit that adjusts the delay elements would 
receive a disable signal indicating that the adjustable number of delay element is not to be 
adjusted for at least a period of time indicated by the assertion of the disable signal. Then, 
even if the control circuit receives one or more signal from the phase detector that would 
normally cause the control circuit to adjust the number of delay elements, the control circuit 
maintains the number of delay elements the same. 

[0078] Figure 6 illustrates a flowchart of a method 600 for disabling the control circuit 
in accordance with the principles of the present invention. The method 600 may be 
performed by the control circuit 102 of Figure 1, or in the control loop (i.e., the interacting 
delay line and phase detector) of any other delay locked loop circuit, 
g [0079] The control circuit receives a disable signal indicating that the adjustable number 

w 2 = 

^ S < 1 1 5 °^ re f erence clock delay element is not to be adjusted for at least a period of time (act 601). 

O < H 2C ^ 

S o 5 £ Then the control circuit receives one or more signals from the phase detector that would 

S z y w o n 

z S P w £S 3 cause the control circuit to adjust the number of reference clock delay elements through 
jg w which the reference clock signal passes had the disable signal not been received (act 602). 
O The control circuit then maintains the number of reference delay elements through which the 

reference clock signal passes to be the same during the period of time despite the control 
circuit having received the one or more signals from the phase detector circuit (act 603). 
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[0080] Accordingly, a delay locked loop circuit has been described that may generate 
quadrature signals based on a reference signal and that compensates for system clock delay. 
Furthermore, the delay locked loop acquires the lock status rapidly by sampling more 
frequently before pseudo lock than after pseudo lock. Also, jitter is controlled by 1) 
introducing hysteresis into the sampling processes, and/or 2) disabling tag point adjustment 
during certain jitter sensitive times. In addition, lock detection is made more stable by 
introducing hysteresis into the lock detection process. 

[0081] The present invention may be embodied in other specific forms without departing 
from its spirit or essential characteristics. The described embodiments are to be considered 
in all respects only as illustrative and not restrictive. The scope of the invention is, 
therefore, indicated by the appended claims rather than by the foregoing description. All 
changes, which come within the meaning and range of equivalency of the claims, are to be 
embraced within their scope. 

[0082] What is claimed and desired secured by United States Letters Patent is: 
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